T
HE electrical impedance of a tissue is the ratio of the electromotive force (voltage) acting on the mobile carriers (normally ions) in the tissue to the ionic current that results from the force. The magnitude of impedance depends on the type of tissue under consideration. In the brain, for example, impedance is highest in white matter, intermediate in grey matter, and least in cerebrospinal fluid? ,8 If impedance is continuously measured in small tissue foci along a path starting from the cortical surface and passing progressively deeper into the brain, its amplitude will vary during penetration, reflecting at any moment the type of tissue in the focal volume.
For visual display, this variation can be plotted against depth of penetration to produce an undulating pattern or profile whose shape may be predicted, within limits, if the neuroanatomy along the proposed course of penetration is known. When the tissue architecture has been altered to a significant degree by disease, the profile will differ from the expected pattern. In 1923 Grant, 1 using rudimentary apparatus by present-day standards, showed that neoplastic brain tissue usually had an impedance of about one-half that of normal tissue. His pioneering work has not been continued by other investigators, but the potential use of the impedance technique has been emphasized by Robinson, 6 who demonstrated excellent correlation between impedance and structure along electrode tracts in the monkey brain.
Materials and Methods
Three-Electrode Impedance Probe. A fourelectrode system (two current-and two voltage-sensing electrodes) is ideal for measuring Received for publication April 11, 1967. * Supported by the Helen Scott Playfair Memorial Fund and the National Research Council (Canada), Grant A1589.
impedance because of minimal polarization, but it is also an impractical system because of the number of electrodes required. Therefore, a modification into a three-electrode system, which is practical, was designed for our study (Fig. 1 left) . Electrodes A and B are combined into a single coaxial probe. Electrode C is an oval-shaped stainless steel disc about 12 mm long and 6 mm maximum width, which is positioned subdurally on the surface of the exposed cortex. A coaxial impedance probe is constructed by using a stylet from a 19-gauge 9-inch stainless steel lumbar puncture needle for the center conductor, and an 18-gauge 9-inch stainless steel lumbar puncture needle for the outer conductor. The stylet is insulated with four coats of Epoxylite 6001-M, t baked after each coat, and then inserted into the 18-gauge needle filled with fresh Epoxylite. The assembly is baked to set the stylet within the needle. Next, the outer surface of the probe is insulated with four coats of Epoxylite, again with baking after each coat. Finally, a coaxial electrode connector, which was previously soldered to the stylet and needle, is covered with an epoxy glue at its junction with the hub of the needle, and the tip of the probe filed to a rounded shape (Fig. 1 right) .
Constant current I is injected between electrodes A and C, and the resulting voltage
Vsc between B and C is measured on the voltage sensor. If the impedance between B and C is ZBC, then VBc=ZBcL so that VBe is proportional to ZBe. For present purposes, ZBC will not be resolved into its reactive and resistive components, that is, only magnitude of impedance will be considered. Since the brain is essentially a volume conductor for currents below the level of neuronal excitation, the current density and therefore the corresponding contributions to VBC diminish rapidly with t Epoxylite of Canada, Ltd., Fort Erie, Ontario. radial distance from the probe tip, so that ZBc will reflect the impedance principally in the region of the uninsulated segment of electrode B.
In the ideal case of spherically symmetrical distribution of current from a point source,~ 75 % of the observed voltage is created in a small sphere of tissue centered about the tip of electrode A and with a radius 4 times that of electrode B. In the real case, the value of 75% can, for several reasons, be only an approximation. The current cannot spread out radially in all directions from the probe tip; the shaft of the probe distorts the electric field; the assumed tissue homogeneity does not exist; and there is present an electrical shunting effect, caused by a thin film of fluid against the probe shaft.
The stainless steel disc is made as large as possible, the limitation being the size of the burr hole through which the disc must be inserted. A disc of relatively large surface area is used to minimize polarization by reducing
The mathematical model for determining the voltage distribution in the ideal case is given on p. 44. current density. This is an important consideration where, as here, the disc serves as a voltage reference electrode (as well as providing a return path for the injected current), thereby ensuring that polarization voltage makes little contribution to ZBe. Although the other voltage electrode, B, has an exposed surface which is small, it will not tend to become significantly polarized because it serves as a voltage sensor only and therefore draws little current.
A constant current of 1 uA peak-to-peak into the center conductor of the probe is obtained by using a 1 megohm resistor in series with a Hewlett Packard 204 B oscillator set to produce a 1 V peak-to-peak sine wave. The exposed area of the center conductor is about 1 sq mm so that the current density at the tip of the probe is about 10 -12 amperes/sq u. An excitation frequency of 1000 Hz was chosen; this choice is, within broad limits, arbitrary, especially since impedance is not being resolved into its components. At too low frequencies, polarization at the metaltissue interface of the probe becomes signifi-
